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Abstract. Based on an empirical analysis of measurements with the High Resolution Doppler
Imager (HRDI) on the UARS spacecraft in the upper mesosphere (95 km), persistent and regular
intra-seasonal oscillations (ISO) with periods of about 2 to 4 months have recently been reported
in the zonal-mean meridional winds. Similar oscillations have also been discussed
independently in a modeling study, and they were attributed to wave-mean-flow interactions.

The observed and modeled meridional wind ISOs were largely confined to low latitudes. We
report here an analysis of concurrent temperature measurements on UARS, which produces
oscillations similar to those seen in the meridional winds. Although the temperature oscillations
are observed at lower altitudes (55 km), théir phase variations with latitude are .qualitatively
consistent with the inferred properties seen in the meridional winds and this provide independent

evidence for the existence of ISOs in the mesosphere.

I. Introduction

In the High Resolution Doppler Imager (HRDI) measurements on UARS at 95 km
altitude, Huang and Reber [2003], referred to as HR, detected variations in the zonal-
mean meridional winds with periods of about 2 to 4 months that were lé.rgely confined to
low latitudes. These motions were found to be prominent and fairly regular, and we refer
to them as Intra-seasonal Oscillations (ISO) since they occur within the regular seasonal

variations dominated by the 12 and 6 months periodicities. To extract the ISO in the




winds, a two-dimensional Fourier least squares analysis was performed, with independent
variables being local solar time and day of year, which produced simultaneously the tides
and seasonal variations.

Mayr et al. [2003] independently reported that their numerical spectral model (NSM)
generated in the zonal mean (m = 0) meridional wind oscillations with periods similar to
those observed by HR and they also described the associated temperature oscillations.
Numerical experiments demonstrated that the modeled meridional wind oscillations have
the properties of a non-linear auto-oscillator, which is generated by the wave-mean-flow
interaction from parameterized small-scale gravity waves (GW) propagating in the
meridional (north/south) directions. As such, the oscillation was considered to be the
counterpart to the quasi-biennial oscillation (QBO) in the zonal winds. In contrast to the
zonal winds, the much smaller divergent meridional winds are damped additionally by
energy transport and the resulting pressure feedback. With the much shorter time
constant for dissipation, the resulting oscillation period for the meridional winds (and
temperatures), about ! - 4 months, is then also much shorter than that of the QBO.

Following Huang and Reber [2001, 2003], we briefly describe the data analysis for
the UARS measurements, which accounts for the sampling properties of the spacecraft
measurements. Complementing the above-discussed meridional wind oscillations, we
present further results from the HRDI measurements. We then describe the temperature
and Os data obtained with the MLS and CLAES instruments. We will see that 'the
temperature variations are relatively small (a few degrees or less), but they*provide

further evidence for the oscillation observed in the meridional winds.
II. UARS Measurements, and Data Analysis

The Upper Atmosphere Research Satellite (UARS) was launched by the Space Shuttle on
September 12, 1991 into a near-circular orbit at 585 km altitude inclined 57° to the equator
(Reber et al., 1993). These orbital parameters, combined with the measurement characteristics
for the limb-viewing atmospheric sensors, yield a measurement pattern that covers much of the
globe on a daily basis. The instruments from which we use data here include the High

Resolution Doppler Imager (HRDI; Hays et al., 1993), the Microwave Limb Sounder (MLS;



Waters, 1993; Barath et al., 1993), and the Cryogenic Limb Array Etalon Spectrometer
(CLAES; Roche et al., 1993). The CLAES and MLS instruments view the atmosphere at 90° to
the spacecraft velocity vector, and they can "see" over one orbit to 80° latitude in one

hemisphere and to 34° in the other. In order to keep the instruments away from the Sun-side of

hemisphere also changes in which the instruments can view to 80°. The HRDI instrument views
at angles of 45° and 135° to the orbital plane, and the maximum latitudes are about 72° in one
hemisphere and 42° in the other.

The data are sampled at different latitudes because of the north/south motion of the satellite,
and different longitudes are sampled due to the rotation of the Earth relative to the orbital plane.
Therefore it takes about one day to make measurements over the globe. The UARS sampling is
such that for a given day, given latitude, and given orbital mode (heading north or heading south
at the equator), the local solar times of the measurements are nearly constant (within 20 min)
over all longitudes. Using both orbital modes, the data are thus sampled at essentially two
distinct local solar times for a given day and latitude. Since the orbital inclination is not 90°,
however, these local times differ significantly for different latitudes. Because of orbital
precession, the local solar times of the measurements decrease by ~20 min per day at each
latitude, and it takes ~36 days to sample most of the full range of local time using data from both
orbital modes. Additional details regarding UARS sampling are given by Huang et al. [1997].

Variations in mesospheric winds are characterized to a large extent by therrhal tides and
mean flows. The tides vary with local time and have periodicities of one day or integral fractions
of one day. As noted above, it takes about 36 days to sample the data over the full range of all
local times. Over this time peﬁod, the tides and the mean flow can vary due to changing season
or for other reasons. Considering that the diurnal variations in the mesosphére can be
comparable or larger in magnitude than the variations in the zonal-mean, it is important that both
components are described simultaneously in the framework of an empirical model.

To mitigate the sampling problem for the data collection on the UARS spacecraft, noted by
Forbes et al. [1997], we use the algorithm by Huang and Reber [2001, 2603]. As described in
these references, for a given latitude and altitude, we apply a two-dimensional Fourier least
squares analysis. With independent variables being local solar time and day of year, the data are

described analytically in the form
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where ¥(t),d,z,0) are the zonal means of the data; 2 the altitude (or pressure surface); ¢ day of
year; 8 colatitude; ¢ time (fraction of a day); ¢; local solar time (fraction of a day);

t; =t+a/2rn). The algorithm minimizes the sum of the squares of the differences between the

Fourier series (Equation (1)) and the data over a 365-day period. Once the coefficients are
estimated, both the zonal-mean winds and the tidal variations with local time can be calculated
directly from (1) for any day of year. More details concerning the robustness of the algorithm
are given in Huang et al. [1997] and Huang and Reber [2001].

A limitation of our approach is that useful results based on HRDI (MLS, CLAES) data can
be obtained only for latitudes within about 40° (32°) of the Equator, since data are missing
poleward of these latitudes during alternate yaw periods (~36 days). Over the years, observatory
and instrument problems have also resulted in data gaps of weeks to months, and these can cause

problems in applying our analysis technique to individual years of data.
I1I. Inferred Zonal-Mean Oscillations

III.1. HRDI Wind Data .o

Hays et al. [1994] and Burrage et al.[1995a, 1995b, 1996] have presented results of the
horizontal wind measurements from HRDI. As in HR, we discuss here the zonal mean
component (m = 0) in the meridional winds observed at altitudes around 95 km.

We present in Figure 1 plots of the derived mean meridional wind amplitudes of the annual
Fourier harmonics. They correspond to the results of HR but are presented in a different format.
Plots 1a, 1b, and 1c show amplitudes at selected latitudes based on single year data (from year
day 92226 to 93226). From this it can be seen that the 5th harmonic, with period 12/5 = 2.4
months, tends to be much larger than the others. The oscillations are also larger at latitudes near
the equator, and thus they convey a picture similar to that from the earlier paper. It can be seen

from these results that the wave numbers 3 (4 month period) and 7 (1.7 month) are also



prominent. But when the data from several years are merged into one 365-day period (not
presented), these periodicities are smoothed out to a large extent.

With Figure 2 we show a synthesis of harmonics 3 to 5 (4 to 2.4 month periods) plotted on
latitude versus time-of-year coordinates. In the left plot (a), the results based on single year data
are presented and on the right (b) the results are based on data from several years (1992-1994)
merged into a single 365-day year. As noted, the results from the merged and larger data set (b)
are smoother than those obtained from a singlé year (a). The high value in Figure 2a between

July and August may result from sparse data.

11.2. MLS and CLAES Temperature Data

Other instruments on the UARS spacecraft provide temperature measurements, including the -
MLS and CLAES. Unfortunately, the temperature data are limited to the stratosphere and extend
up to an altitude of only 0.46 hPa (about 55 km). A direct comparison therefore cannot be made
with the results from the HRDI wind measurements. However, we present here the results for
the zonally averaged temperature data at 55 km, since they also show distinct oscillations with
periods around 3 months and thus provide an independent confirmation of the ISO.

Applying the above-discussed algorithm to the temperature data, we present in Figure 3 the
amplitudes for the spectral components derived from the 1992 data set. Apart from the large 1st
and 2nd harmonics, representing the annual and semi-annual variations, the 4th harmonic is also
prominent, corresponding to a period of 3 months. , ’

Figure 4a shows the results for the zonal mean MLS temperatures at 5>5" km, plotted again on
latitude versus day-of-year coordinates. The combined 3rd, 4th and Sth Fourier series harmonics
(4, 3, and 2.4 month periods, respectively) are synthesized. The left plot (a) shows the variations
for 1992, and (b) corresponds to (a) but is based on merged data covering about three years.
Corresponding results based on CLAES temperatures for 1992 are shown in 4c and compare well
with those from MLS.

From Figure 4 it can be seen that there is a basic asymmetry in the temperatures between the
northern and southern hemispheres. At say + 20° latitudes in both hemispheres, the values are
out of phase with each other as a function of day of year. Such an asymmetry is expected if the

temperature oscillations are related or caused by meridional wind oscillations of the kind shown

in Figure 2. Meridional winds flowing across the equator would cause dynamical heating and



cooling in the opposing hemispheres, and this in turn would cause the temperatures to increase
and decrease respectively.
As discussed in Andrews et al.[1987], it is quite unlikely that thermal forcing is significant in

the equatorial regions.

II1.3. MLS Ozone Data

To help corroborate the relatively small temperature variations of a few degrees or less
discussed, we also looked at the ozone mixing ratios that are measured simultaneously by the
MLS instrument. In the region (45 to 50 km altitude or above) where the ozone chemistry
dominates over dynamics, it is expected that the ozone mixing ratios are generally anti-correlated
with the temperature (Hartmann and Garcia, 1978; Rood and Douglass, 1985). At lower
altitudes, the effects from chemical reactions become increasingly less important compared to
those associated with dynamics, and the ozone mixing ratios then tend to be correlated with the
temperature. Although Rood and Douglass [1985] caution that this relationship between ozone
mixing ratios and temperatures should not be blindly accepted under all circumstances, we have
found that the above expectations are well met, in part because we are studying the zonal means.
Corresponding to the temperatures in Figures 4a and 4b, the derived ozone mixing ratios are

presented in Figure 4d, and indeed they tend to be anti-correlated.
VI. Summary and Conclusion

As reported by HR, a distinct oscillation is observed in the mesospheric zonal-mean
meridional winds that are measured on the UARS spacecraft with the HRDI instrument. The
oscillations are confined to low latitudes and have periods around 2.4 months as shown in Figure
13 of HR, and they appear to be remarkably persistent over periods of several years as is shown
in Figure 2b.

Oscillations of the kind observed have also been reported in a modeling study (Mayr et al.,
2003), and they have been attributed to wave-mean flow interactions due«to small-scale gravity
waves propagating in the meridional (north/south) direction. The oscillations reported there also

tend to be confined to lower latitudes. In light of the proposed mechanism for generating



meridional wind oscillations across the equator, one expects that these in turn generate‘
temperature oscillations away from the equator as shown in that paper.

Assuming then that the meridional wind oscillations observed by HR are driven by waves,'
the resulting dynamical heating and cooling should produce temperature oscillations with
opposite phase in the northern and southern hemispheres, depending on the divergence or
convergence of the flow.

Unfortunately, the UARS measurements do not allow us to test this hypothesis since there are
no temperature observations at the altitudes (95 km) where the winds are obtained. However,
temperatures are observed up to 55 km, and we presented those obtained with the MLS and
CLAES instruments. Qur analysis shows for the zonal mean (Figure 3) that at 55 km prominent
temperature oscillations are observed with periods around 3 months similar to those seen in the
winds at higher altitudes. The latitudinal variations evident in that figure do not show a well-
defined trend, unlike that seen in Figure 1 for the meridional winds. If the latitudinal variations
of the meridional winds were similar at this lower altitude, one would expect that the temperature
amplitudes vanish at the equator and are largest in the opposing hemispheres away from the
equator. Clearly, this is not seen in Figure 3 for the year 1992, although such a trend does appear
in the data for the year 1993 (not shown).

However, a potential connection between the meridional wind oscillations confined to low
latitudes and the observed temperature variations does appear in the synthesized results (Figure
4) that contain phase information. While the temperature oscillations in these figures do dot
vanish at the equator, nodes appear close to the equator, and the temperature variations in the
opposing hemispheres tend to be in opposite phase. In contrast to the meridional wind
oscillations from Figure 2, which are in phase at any given time during the year, the temperature
oscillations are distinctively "slanted or sloping".

Based on energetic considerations, we conclude that the temperature observations discussed
here are qualitatively or morphologically consistent with the observed meridional wind
oscillations found by HR. A more definite conclusion, however, must await simultaneous
temperature and wind measurement at common altitudes, which can be provided by the

instruments on the TIMED spacecraft.
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Figure 1. Fourier amplitudes (independent variable is day-of-year) versus wave number, derived .
from zonal-mean meridional HRDI winds for single year data (92226-93226) at representative

latitudes and at 95 km altitude.
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Figure 2. Syntesized results including only wave numbers 3, 4, 5 (4 to 2.4 month periods) based
on zonal mean meridional winds from HRDI at 95 km, on latitude and day-of-year coordinates,
a) based on single year data (year days 92226 to 93226), b) as in a) but for data from several
years merged into one 365-day period.
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Figure 3. Estimated Fourier amplitudes (day-of-year is independent variable) versus wave
number based on zonal mean MLS temperature data at 0.46 hPa (about 55 km). Wave numbers
3,4, 5 correspond to periods of 4, 3, 2.4 months, respectively.
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for CLAES temperatures, d) as in a) but for MLS ozone mixing ratios. :
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